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INTRODUCTION

From the pioneering insights of the microscopists, spec-
troscopists, and cell physiologists almost a century ago (16)
to the elucidation of intracellular organelle-organelle com-
munication by cell and molecular biologists today, mito-
chondria continue to be the focal point for biochemical
analysis of many intracellular processes. This organelle is
now poised with its wealth of biophysical, cell biological,
and structural knowledge to complement the tools of the
molecular geneticist. This is most evident in the analysis of
intracellular protein targeting and the translocation mecha-
nism of proteins across a cellular membrane.

It has been known since the early 1950s that the develop-
ment of functional mitochondria in yeasts requires Mende-
lian genes; however, the extent to which nuclear deoxy-
ribonucleic acid (DNA) contributed to mitochondrial
development was not appreciated until 20 years later. In-
deed, the few mitochondrially encoded proteins in yeasts
and higher eucaryotes are subunits of oligomeric enzymes
which consist for the most part of proteins encoded by
nuclear DNA (13). Based on labeling and genetic studies,
the amount of protein contributed by the nuclear and mito-
chondrial genomes has been evaluated. It has been conser-
vatively estimated that the nucleocytoplasmic system con-
tributes greater than 90% of the protein mass to the organ-
elle.
During the past 8 years considerable effort has gone into

analysis of the delivery and localization mechanisms for
mitochondrial proteins (53, 67). Our current understanding
of the events required to correctly deliver a protein into
mitochondria has come largely from studies in Saccharomy-
ces cerevisiae and Neurospora crassa, which trace the fate
of mitochondrial precursors in vivo compared to their be-
havior in in vitro import assays. The recent explosion of data
bearing on the mechanism of import of proteins into
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mitochondria reflects the fact that they can be conveniently
purified as intact, well-characterized organelles. Most im-
portantly, however, they are isolated with the same mem-
brane orientation and compartmentalization that they exhibit
in situ. Thus, assays which conveniently measure the import
and localization of proteins in vitro do so in the same
direction as that which occurs within the cell.
The membrane permeability properties of both inner and

outer mitochondrial membranes to various metabolites, cat-
ions, and anions are better characterized than those for any
cellular membrane. Because of this, the functional integrity
of isolated mitochondria can be conveniently and sensitively
documented. One can purify intact organelles which are
essentially impermeable to protons as determined by a
convenient and sensitive assay. These permeability proper-
ties and the use of antibiotics which alter membrane ion
transport have proven to be valuable assets for the biochem-
ical analysis of protein import into mitochondria. The well-
defined biochemistry of the mitochondrial system is cur-
rently being combined with genetic manipulations and in
vitro import assays to define additional details of the import
mechanism. The in vivo analysis of this mechanism has been
provided in large part in yeasts as well as in transient
expression systems in animal cells. In this review we de-
scribe how recent technological and genetic advances in the
field of organelle assembly within the past year have been
used to further define the mechanism of protein transport
into mitochondria. These data will be presented within a
brief summary of observations which have been discussed in
recent reviews (26, 60, 78).

BIOCHEMICAL ANALYSIS OF PROTEIN IMPORT

Co- Versus Posttranslational Initiation of Import
Early studies by Butow documented the presence of a

specific class of 80S cytoplasmic ribosomes bound to the
mitochondrial outer membrane (37). Since these bound
ribosomes could only be released by the combination of high
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salt and puromycin, the binding was proposed to be medi-
ated by nascent polypeptides which were "frozen" during
cotranslational insertion of the growing polypeptide into
mitochondria. Subsequent studies which have examined the
in vitro completion of F1-adenosine triphosphatase (ATPase)
subunits from this mitochondrially bound ribosome fraction
have demonstrated that these organelle-bound ribosomes are
enriched over nonbound ribosomes in their content of spe-
cific mitochondrial proteins (1). In addition, quantitation of
messenger ribonucleic acids (RNAs) from mnitochondrially
bound and unbound populations of ribosomes for specific
mitochondrial and nonmitochondrial proteins provided inde-
pendent support for this specific enrichment (77). During
steady-state growth of cells the mitochondrially bound
ribosomes represent only about 10 to 15% of the total
cytoplasmic ribosome content. However, >50% of the total
messenger RNA for specific mitochondrial polypeptides is
present in this bound ribosome fraction. Thus, in vivo, the
specific initiation of mitochondrial import can occur, for at
least some proteins, prior to their completion. Clearly,
soluble mitochondrial precursor proteins can be imported
into mitochondria following completion of their synthesis
(see below). Thus, the mitochondrial system exhibits flexi-
bility in the timing of synthesis and the initiation of import.
It would appear that the signals which initiate mitochondrial
import are located within the residues initially synthesized in
the nascent peptide and that they remain accessible for
membrane binding within the completed protein.
During steady-state growth in S. cerevisiae, extra mito-

chondrial pools of precursors are not detectable. However,
precursors have been demonstrated to accumulate under
conditions in which the import was prevented by the addi-
tion of carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(52, 77). In N. crassa, extramitochondrial pools of newly
synthesized adenosine 5'-diphosphate/adenosine 5'-
triphosphate (ADP/ATP) translocator protein were demon-
strated which could be subsequently imported into
mitochondria (24). Likewise, in S. cerevisiae the cytoplas-
mic accumulation of the F1-ATPase 3-subunit precursor was
apparent, using CCCP to block import. This newly synthe-
sized precursor could be subsequently chased into
mitochondria following inactivation of the import block
(61).
These analyses clearly demonstrated that the initiation of

protein import into mitochondria could occur either prior to
or after the completion of protein synthesis. The extent to
which a given protein will be imported by either route will
depend on the rate at which targeting sequenices present on
the precursor will recognize the mitochondrial import ma-
chinery relative to its rate of completion. One can reduce the
rate of precursor synthesis to reduce the cytoplasmic pool of
the precursor (61) or, conversely, decrease the mitochon-
drial binding efficiency to increase the pool of cytoplasmic
precursor. In this respect the import of proteins into
mitochondria exhibits similarities to the export of mutant
proteins from Escherichia ccli (81). The initiation of export
of the wild-type bacterial protein is very efficient and occurs
before the completion of the nascent precursor. However,
mutations within the protein which reduce its efficiency of
export initiation exhibit pools of completed precursor in the
cytoplasm which can be subsequently exported at reduced
efficiency (66). Thus, for any imported mitochondrial protein
or exported proteins from the procaryote, the efficiency of
its transport initiation relative to its rate of synthesis will
define the extent to which cytoplasmic pools of precursor in
each case will be detected.

Precursor Requirement for Import

The specific sorting of mitochondrial proteins in the cyto-
plasm as either completed or nascent polypeptides for im-
port requires the presence of a specific recognition or
targeting signal. Considerable insight into the mechanism of
the mitochondrial targeting event was provided with the
observation that some mitochondrial proteins, such as the
three largest F1-ATPase subunits, were initially synthesized
as higher-molecular-weight precursors (43). Addition of the
in vitro synthesized high-molecular-weight precursor con-
taining an estimated 20 to 40 additional amino-terminal
residues to isolated mitochondria resulted in their uptake.
The isolated mature subunits lacking these transient residues
were not sequestered by the isolated organelles. These data
clearly demonstrated that mitochondria distinguished the
import competency of the high-molecular-weight precursors
from the mature proteins. This observation led to the initial
suggestion that the additional sequences played an essential
role in the uptake mechanism (43).
At the same time, however, it was clearly demonstrated

that some mitochondrial proteins such as cytochrome c (89)
and the ADP/ATP translocator protein (89) were not synthe-
sized as high-molecular-weight precursors yet were effi-
ciently imported into isolated mitochondria. The precursor
nature of these mitochondrial proteins was established by
the demonstration that they exhibited an extra mitochondrial
conformation distinct from the mitochondrially associated
mature form of the protein. Antibodies were prepared which
specifically recognized the precursor apocytochrome c but
not the mitochondrially associated holocytochrome c (41).
The soluble precursor form of the membrane-bound
ADP/ATP translocator protein (87), like that of the porin
(57), was present as a soluble aggregate which assembled
into a different oligomeric state in the membrane. In fact, all
of the different mitochondrial precursor proteins described
thus far are water soluble and exhibit a conformation or
aggregate state which is distinct from the mitochondrially
localized protein. With notable exceptions, either covalent
modification by endoproteolytic cleavage or attachment of a
prosthetic group induces a new conformation of the protein
upon binding to mitochondria.

Energy Requirements for Protein Import
The transfer of cytoplasmically synthesized proteins into

mitochondria is an energy-dependent process. By using both
in vitro and in vivo assays to measure the transport of
various precursors into mitochondria, it has been shown that
conditions which prevent the generation of an electrochem-
ical gradient of protons across the inner membrane block the
uptake of mitochondrial precursors. Independently, two
groups were able to show that the addition of respiratory
inhibitors, ionophores, or uncouplers of oxidative phosphor-
ylation prevented the uptake of the mitochondrial F1-
ATPase subunit precursors (52) or the ADP/ATP transloca-
tor protein (87). The energy dependence of protein import
has been documented for a large number of imported pro-
teins and compiled elsewhere (26). The steady-state electro-
chemical gradient of protons across the active mitochondrial
inner membrane has a membrane potential (Ad,) and chemi-
cal (ApH) component (47). Studies to define the relative
contribution of each of these components to transmembrane
transfer or insertion of cytoplasmic precursors have utilized
well-characterized ion-transporting antibiotics which selec-
tively equilibrate either the A4 or the ApH component. The
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ionophore valinomycin abolishes the membrane potential
(Ad,) component by equilibration of K+ ions with those in the
suspension medium. This ionophore in conjunction with K+
ions prevented the in vitro import of the ADP/ATP trans-
locator and ATPase subunit 9 precursors into isolated N.
crassa mitochondria (72, 79). The ionophore nigericin
catalyzes an electrically neutral exchange of either H+ or K+
ions across the inner membrane and selectively equilibrates
the chemical gradient of protons with K+ ions without
altering the membrane potential. The addition of this cation-
exchanging antibiotic did not inhibit the in vitro import of
proteins into mitochondria (72), further documenting the
primary role of the membrane potential component in mito-
chondrial import. The definitive experiment demonstrating
that the membrane potential alone is the required energy for
import was the observation that the import of the ADP/ATP
translocator protein could be driven by a valinomycin-
mediated K+ diffusion potential even under conditions in
which the membrane was completely permeable (presence of
the protonophore CCCP) to protons (58).
These studies provided convincing proof that a membrane

potential is an essential step in the import of proteins;
however, the function performed by this charge separation
across the inner membrane has not been determined. Recent
studies indicate that the amino terminus of mitochondrial
precursors which exhibit a net positive charge (see below) is
necessary and sufficient to direct mitochondrial import.
Thus, one might envision the membrane potential across the
inner membrane (net negative charge on the matrix face of
the membrane) as providing the potential to initially
electrophorese the extreme amino terminus or a cluster of
positively charged residues through the bilayer to "trigger"
import.
Recent in vitro import experiments with Neurospora

mitochondria have, demonstrated that the membrane poten-
tial-dependent import of only the amino-terminal residues of
the F1 p-subunit precursor is the committed step in transport
of this precursor into mitochondria. When the F1 r-subunit
precursor is bound to energized mitochondria at 4°C, import
is initiated but not completed (71). These authors demon-
strated that the amino terminus of the protein, apparently
trapped in transit at 4°C, was localized within the matrix of
the mitochondria while regions of the same protein were
accessible to antibody on the cytoplasmic face of the outer
membrane. The amino terminus had been processed by a
metalloprotease located within the matrix. When these
mitochondria were warmed to 24°C, completion of import
into the mitochondrial interior was documented. Most im-
portantly, however, addition of ionophore or CCCP to
deenergize mitochondria did not inhibit the completion of
processed F1 ,-subunit import which had been previously
initiated at 4°C. These studies indicate that the membrane
potential is required to initiate the import of the mitochon-
drial precursor but not to complete it.

Determination of alternative roles for the energized mem-
branes in the transport of proteins can be compared to
protein export in E. coli. The secretion of proteins from E.
coli requires an energized membrane (59). In addition, the
initiation of protein export utilizes a presecretory sequence
at the extreme amino terminus which exhibits a net positive
charge. However, the polarity of the charge across the
membrane with respect to the direction of protein transport
from E. coli is opposite to that of mitochondria. Therefore, if
mitochondria and E. coli utilize a similar mechanism to
initiate protein transport, a simple electrophoretic model is
insufficient to reconcile.

Other possibilities for the role of the energy requirement in
mitochondrial import have received only circumstantial sup-
port or have been inferred. One proposal is that transient
import sites form at "tight" junctions between the inner and
outer membrane in an energy-dependent manner. These
junctions would be generated by new combinations or
conformations of proteins or lipid or both from either mem-
brane. Freeze-fracture plane deflection analysis of mamma-
lian mitochondria indicates that the surface area of appar-
ently fused inner and outer membrane is increased in
energized versus deenergized organelles (40). This fused
mitochondrial membrane fracture plane was not observed
upon simple swelling of the membrane to bring the two
membranes close together. Tight associations between mito-
chondrial membranes were noted in early studies which
defined the location of membrane-bound ribosomes harbor-
ing nascent peptides at regions of inner-outer membrane
contact (37, 38). The recent demonstration that the imported
precursors can be apparently "trapped" spanning both
membranes (71) is consistent with this possibility.

Intramitochondrial Protein Traffic

All of the proteins constituting the four submitochondrial
spaces of the organelle must be programmed for correct
localization following their delivery from the cytoplasm.
Clearly, proteins delivered to the mitochondrial matrix must
be transported through both the inner and outer membranes
of the organelle. However, many proteins which reside in
either the inner or outer membrane or intermembrane space
must contain "programs" which define selective retention or
transport through a given membrane. How can a trans-
membrane protein of the inner membrane synthesized in the
cytoplasm complete its transport through the outer mito-
chondrial membrane? What causes soluble proteins to stop
further import at the intermembrane space rather than going
to the mitochondrial matrix? These questions have been
answered in part by characterization of the precursor nature
of proteins located in different submitochondrial compart-
ments. In addition, the identification and localization of
mitochondrial components which participate in the matura-
tion of these precursors have aided in the formulation of a
model.

Analysis of proteins imported to the intermembrane space
has provided and most revealing insights into the role of the
membrane potential and processing enzymes in defining
submitochondrial localization. Cytochrome c is localized to
the cytoplasmic surface of the mitochondrial inner mem-
brane by a pathway that is different from that of the other
proteins within the intermembrane space. Apocytochrome c
is synthesized on cytoplasmic ribosomes as a full-length
mature apoenzyme (88) which binds to mitochondria at
specific sites (27) in an energy-independent manner. Com-
plete transfer of this protein across the outer membrane
occurs upon covalent attachment of the heme to cysteine
residues near the middle of the apoprotein by enzymes
within the intermembrane space (28, 44). The confor-
mational change of the apocytochrome upon covalent addi-
tion of heme is proposed to drive the transfer of the protein
across the outer membrane.

Other proteins of the intermembrane space such as cyto-
chrome cl, cytochrome b2, and cytochrome c peroxidase are
made as higher-molecular-weight precursors (18, 55, 61) and
imported into mitochondria in an energy-dependent fashion.
The energy requirement for the localization of these proteins
to the intermembrane space indicated that the import was
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not just a simple transport of the protein across the outer
membrane like cytochrome c. Indeed, subsequent studies
revealed that the localization of these intermembrane space
proteins required the participation of processing enzymes
within the mitochondrial matrix and inner membrane. When
yeast precursors synthesized in a cell-free protein synthesis
reaction were incubated with a processing enzyme prepara-
tion from the mitochondrial matrix (5, 45), a processed form
of the cytochrome b2 (10) or cytochrome cl (18, 55, 79)
precursor was generated which was slightly larger on sizing
gels than the isolated mature form. The biological signifi-
cance of this larger intermediate form was subsequently
demonstrated for cytochrome b2 in two in vivo studies.
First, when growing yeast cells were pulse-labeled, a tran-
sient intermediate form of the cytochrome b2 protein, dis-
tinct in size from either the precursor or mature form, could
be demonstrated. This intermediate form could be generated
in vitro by the metalloprotease in the matrix extract and was
not observed if the uncoupler CCCP was maintained in the in
vivo pulse-labeling reaction (62). The energy dependence of
the in vivo processing as well as the demonstration of a
matrix enzyme-dependent intermediate indicated that at
least a portion of the protein destined for the intermembrane
space was transiently localized within the mitochondrial
matrix.

Additional biochemical analysis of the intermembrane
space localization pathway took advantage of the observa-
tion that the covalent attachment of heme to proteins can
occur on the cytoplasmic face of the inner membrane (28).
Proteins analyzed thus far for localization to the inter-
membrane space each undergo covalent attachment of heme
during their maturation. Using a yeast hem] mutant which
was unable to synthesize a functional 5-aminolevulinate
synthase (the first step in heme biosynthesis), Ohashi et al.
(55) demonstrated that the intermediate form of cytochrome
c1 accumulated in isotope dilution experiments. When 5-
aminolevulinic acid was supplied to the mutant, thus bypass-
ing the genetic block and allowing the synthesis of heme, the
intermediate form of cytochrome c1 was readily converted to
the mature form. The intermediate form of cytochrome c1
which accumulated cofractionated with the mitochondrial
inner membrane, leading to the suggestion that this form of
the protein remained firmly attached with the membrane and
that the second processing step, which is dependent on the
presence of heme, will release the mature protein to the
intermembrane space or orient it on the inner membrane.
The localization of proteins to the outer mitochondrial

membrane clearly contrasts that of precursor localization to
the outer mitochondrial spaces. First, the insertion of pro-
teins into the mitochondrial outer membrane does not re-
quire an energized inner membrane (17, 19). A membrane
electrochemical potential across the outer mitochondrial
membrane is not possible since this membrane is permeable
to molecules up to 8,000 daltons (Da) (8). Second, proteins
which assemble into the outer mitochondrial membrane are
not made as higher-molecular-weight precursors. Porin is the
major component of the outer mitochondrial membrane for
which a function can be defined (85). It, like many other
outer membrane protein precursors, can be made as an
apparently mature-sized protein and inserted post-
translationally into the outer membrane in the absence of an
energized inner membrane (17, 19, 46). In addition, the
insertion of the soluble porin precursor into isolated
mitochondria or purified outer membrane vesicles from
mitochondria rendered the protein resistant to externally
added protease. Thus, this protein is apparently oriented in

the same manner as the endogenous porin protein following
binding (64, 65). Other proteins located in the mitochondrial
outer membrane can be inserted by this one-step process
such that they adopt their in situ membrane orientation (17).
Therefore, in contrast to most other cytoplasmically synthe-
sized components of the organelle, the proteins targeted to
the outer membrane may be sequestered in the absence of
any apparent covalent modification. However, similar anal-
ysis of a 35-kDa outer membrane polypeptide from rat liver
mitochondria has revealed that it is made as a larger precur-
sor (74). Additional studies are necessary to further charac-
terize the apparent maturation of this outer membrane
protein before evoking a more complex insertion/localization
mechanism for outer membrane proteins.
Thus, the delivery of a protein through two membranes to

the mitochondrial matrix is programmed in some manner
into the precursor. Recent gene manipulation experiments
demonstrate that targeting and the initiation of import are
programmed into sequences at the extreme amino terminus
of the precursor. This "targeting" sequence is often re-
moved within the matrix but may be retained as part of the
correctly localized protein. The ability to stop a protein
during import for correct localization in either the inner or
outer membrane will require additional localization signals
(discussed below) which direct the transport and processing
machinery within the different organelle compartments.

Machinery of Mitochondrial Import

The characterization of sequences required for the target-
ing and import of proteins into mitochondria represents an
initial step in the analysis of the mechanism of intracellular
delivery. The availability of new sequence data for the amino
terminus of different mitochondrial precursors and the local-
ization of the targeting signals in several of these proteins
reveal some potential structural similarities (see below) and
limited primary sequence conservation. It is anticipated that
the components present on the mitochondrial surface will be
very discriminative. In the best-documented case, the bind-
ing of apocytochrome c to a specific receptor component has
been characterized (27). The receptor component is specific
for only the apo form of the enzyme and is not competed for
by other precursor proteins. A limited number of cyto-
chrome c receptor sites (90 pmol/mg of mitochondrial pro-
tein) can be defined on the mitochondrial surface. In dif-
ferent studies the selective inhibition of import or binding of
one precursor by another has been demonstrated following
very mild treatment of mitochondria with protease (65, 90,
91).
Although these preliminary observations indicate that

individual receptors mediate import, it is unlikely that dif-
ferent proteins will be available on the surface of mito-
chondria to individually bind each of several hundred pre-
cursors for itnport. It is most likely that a limited set of
components on the mitochondrial surface will interact with
different classes of mitochondrial precursors. In recent stud-
ies, the purified 3-ketoacyl-coenzyme A thiolase inhibited
the in vitro import of three other precursors to the rat liver
mitochondrial matrix (51). This result indicated that a com-
mon set of mitochondrial comnponents participates in the
matrix delivery of these proteins in rat liver. In addition, a
limited number of proteins are present in the outer mem-
brane (64, 74). Most recently, synthetic targeting signal
peptides have been chemically synthesized which inhibit the
in vitro import of selected precursors into mitochondria (21,
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84). These provocative results must be interpreted with
some caution since these synthetic peptides may specifically
disrupt the mitochondrial inner membrane to discharge the
membrane potential required for import. The inhibition
observed in these studies may reflect the competition for a
threshold membrane potential necessary to drive the import
of different proteins rather than competition at a specific
binding site.

In addition, soluble factors are proposed to mediate the
delivery of proteins for import. This protein factor has been
described in rabbit reticulocyte lysate for the mitochondrial
import of ornithine transcarbamylase (OTC) precursor in rat
(3, 4, 49) and the F1 ,B- subunit in yeast cells (56). Recent
studies indicate that a protein import factor associates with
the OTC precursor before binding of the factor-precursor
complex with mitochondria (4). The import factor, however,
does not bind to mitochondria in the absence of the OTC
precursor. Thus, the association of the precursor with the
cytosolic factor may be required for the binding to other
components on the outer membrane. The observation that
animal cell mitochondrial precursors can be imported into
yeast mitochondria (A. Horwich, personal communication)
and that precursors from divergent yeasts can be efficiently
transported in different species (6) would indicate that the
basic features of mitochondrial import have been conserved.

DETERMINANTS FOR MITOCHONDRIAL
LOCALIZATION

Gene Fusion Studies

The mitochondrial delivery and compartmentation of a
protein are programmed into its primary sequence. Recent
studies are beginning to tell us that the context in which
sequences within the protein are presented to the mitochon-
drial transport and processing apparatus will define the
location of the protein. Biochemical analysis of receptor
components on the mitochondrial surface (see above) has
revealed that there are, at most, a limited set of specific
molecules available for the binding of mitochondrial precur-
sors. What sequences on mitochondrial precursors are rec-
ognized by these receptors to specifically segregate them
from the cytoplasm?

Molecular genetics is the major experimental approach
which has been used to define and characterize the protein
determinants of mitochondrial import. Essentially, genes
encoding mitochondrial proteins have been isolated and used
to construct gene fusions. These constructs encode various
atnino-terminal lengths or deletions within the amino termi-
nus of a mitochondrial precursor protein joined to the coding
sequence of a nonmitochondrial protein. The ability of these
mitochondrial targeting sequences to direct the hybrid pro-
tein into mitochondria both in vitro and in vivo defines the
sequences sufficient for mitochondrial import. Conversely,
deletion of these targeting sequences should prevent the
import of the hybrid protein. This gene fusion technology is
directly analogous to the approach exploited for the analysis
of protein export from E. coli (see reference 75).
The isolation of nuclear genes encoding mitochondrial

proteins for these gene fusions in yeasts has utilized a
combination of genetic and physical methods (12, 60). Com-
plementary DNA clones encoding the human and rat mito-
chondrial pre-OTC (42, 54) have been characterized. These
genes have proven particularly instrumental in defining the
import mechanism and mitochondrial targeting signal in
animal cells.

In yeast cells, the genes encoding either a mitochondrial
matrix protein, the Fl-ATPase e subunit, or an outer mem-
brane protein, the 70-kDa outer membrane protein of
mitochondria, were first used to demonstrate the utility of
the gene fusion approach for in vivo analysis of mitochon-
drial delivery (11, 25). In each case, gene fusions were
constructed which joined the amino-terminal coding se-
quences of the yeast mitochondrial protein to the region
encoding a large, functional carboxy-terminal fragment of
,B-galactosidase. The yeast cell biologist can take advantage
of the fact that plasmid shuttle vehicles are available which
allow the manipulation of yeast-coding DNA in E. coli
followed by reintroduction of the plasmid DNA into yeast
cells as either an autonomously replicating or an integrated
genetic element (76). When these gene fusion constructs are
expressed in yeast cells, the fate of the hybrid gene product
can be conveniently monitored by enzyme analysis in
subcellular fractionations. By using this approach, the tar-
geting of the Fl-ATPase ,B-subunit precursor to mitochondria
was shown to reside in the amino-terminal 28 residues (11,
15; A. Vassarotti, W. Chen, C. Smagula, and M. Douglas, J.
Biol. Chem., in press). In-frame deletions which remove this
amino-terminal region prevent the cofractionation of the
hybrid protein with mitochondria. The targeting signal for
the 70-kDa outer mitochondrial membrane protein was de-
termined in the same manner and consists for the most part
of the first 12 amino-terminal amino acids (25, 31). In an
earlier study the location of the mitochondrial targeting
signal within the amino-terminal two-thirds of the protein
was determined by cofractionation analysis of the truncated
70-kDa outer membrane protein (63).
Gene fusions which link the short coding segments of a

mitochondrial protein to lacZ are, however, of limited value
in the analysis of in vivo targeting function. Analysis of gene
fusions to yeast ATP2 encoding the F1-ATPase 1 subunit (15)
demonstrated that gene fusions retaining 142 amino-terminal
residues or less of the Fl-ATPase 1B precursor fused to lacZ
were markedly reduced in their ability to deliver 1-
galactosidase to mitochondria even though targeting signals
were clearly demonstrated to be located within the first 30
residues. These same short ATP2 coding segments were able
to efficiently mislocalize a large carboxy-terminal frag-
ment of the yeast invertase, the product of the SUC2 gene
(15).
The lack of hybrid protein targeting observed with short

targeting sequences fused at the amino terminus of ,B-
galactosidase most likely represents interference by the
1-galactosidase protein in the posttranslational delivery to
mitochondria. The targeting sequence present at the extreme
amino terminus of the hybrid molecule was not utilized for
the initiation of import until enough of the ,B-galactosidase
fragment had been synthesized to hinder its accessibility to
the mitochondrial import apparatus. This interference by
lacZ fusions for in vivo mitochondrial targeting can be
partially overcome by the expression of additional "bridge"
residues between the short mitochondrial targeting sequence
at the amino terminus and the large ,B-galactosidase fragment
at the carboxy terminus. Recently, Keng et al. (39) were able
to show that a fusion of the first nine codons of the yeast
HEM] product 5-aminolevulinate synthetase to LacIF-LacZ
encoded a hybrid protein which was delivered, albeit with
low efficiency, to mitochondria in vivo. Thus, the expression
of 90 additional bridge residues of the lac repressor to
separate the mitochondrial targeting residues from the LacZ
residues prevented the interference by regions of the protein
distal to the targeting sequences.
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In Vitro Import

Although in vivo analysis of mitochondrial targeting has
proven useful in defining the residues required for mitochon-
drial import, in vitro mitochondrial import of hybrid proteins
is a fast and direct method for biochemical analysis of import
which accurately reflects the events defined by in vivo
studies. The utility of in vivo hybrid protein targeting,
however, will come from mutant analysis which exploits the
altered phenotypes of host strains expressing disruptive or

potentially disruptive hybrid proteins (see below).
Mitochondria are an important resource for biochemical

analysis of protein transport across membranes. They are

easily purified as intact organelles with the same membrane
orientation and compartmentalization as the organelle in
situ. These in addition to their well-defined biophysical
properties make them the best biochemically defined mem-

brane system currently available for analysis of protein
transport. In general, proteins for import are synthesized as

labeled precursors in a cell-free reticulocyte lysate and
added to isolated energized mitochondria in an isotonic
suspension buffer. Following a brief incubation, import into
mitochondria is usually determined by cofractionation anal-
ysis and by accessibility of the target protein to exogenous
protease.

In the earlier import assays, this analysis required that,
following the import incubation, mitochondria be quantita-
tively immunoprecipitated with specific antibody prior to
analysis by gel electrophoresis-autoradiography. Recent ad-
vances now make possible the in vitro synthesis of specific
mitochondrial precursors as either the wild type or specifi-
cally deleted proteins. For this, specific messenger RNA
molecules coding selected gene products are synthesized in
vitro. ColEl plasmids are now available which harbor strong
bacteriophage promoters for T7, T5, or SP6 RNA polymer-
ases adjacent to a convenient polylinker sequence. After the
coding DNA of interest is correctly positioned into the
polylinker, it can be conveniently propagated and used to
generate specific in vitro transcripts, using the appropriate
purified bacteriophage RNA polymerase. In this manner

specific transcripts can be generated to program cell-free
lysates for the synthesis of mitochondrial precursors. Since
these transcripts yield in most cases a single labeled trans-
lation product, they are ideal for mitochondrial import
assays and avoid the need for immunoprecipitation (see
references 32-34).

In vitro import of hybrid proteins synthesized in a linked
transcription-translation system has been independently uti-
lized to define and analyze the signals necessary for import
of the yeast cytochrome oxidase subunit IV (COX4) protein
and the human mitochondrial OTC. In each case, DNA
regions encoding the extreme amino termini of the respec-
tive proteins were fused in-frame with the gene encoding the
mouse dihydrofolate reductase (30, 32, 33). Additional stud-
ies showed that the sequences within the first half of the
COX4 leader peptide (34) were sufficient to direct in vitro
import of dehydrofolate reductase into mitochondria. In
these studies, mitochondrial subfractionation analysis re-

vealed that the delivery of the hybrid through both the inner
and outer membrane had occurred.

In the same manner the 32-residue leader peptide of the
human OTC was shown to contain the targeting information
necessary for mitochondrial import (30). In subsequent
studies, both deletion analysis and analysis of specific mu-

tations within the leader sequence demonstrated that the
middle region of the OTC 32-residue leader, most likely

residues 8 to 23, contains the information necessary for
import. Deletions between residues 8 and 22 as well as a
specific glycine for arginine substitution at residue 23
blocked import of the otherwise wild-type OTC precursor
into mitochondria (29).

In a similar manner the mitochondrial import of the yeast
Fl-ATPase , subunit, ATP2, was dependent on sequences
located within the first 10 residues of its transient prese-
quence (Vassarotti et al., in press). Thus, deletion and amino
acid replacement analysis of three matrix proteins from
various sources indicate that the information necessary to
direct specific delivery and targeting into the mitochondrial
matrix resides within a reasonably small (9 to 12 residues)
sequence.

Analysis of Targeting-Import Signals
The mitochondrial targeting sequences are similar in size

to the peptide sequence required to sort proteins from the
cytoplasm for delivery to the nucleus (23, 50). However,
comparison of the mitochondrial targeting sequences defined
thus far does not reveal any obvious consensus primary
sequence responsible for mitochondrial targeting and im-
port. Amino acid sequences from the extreme amino termi-
nus of other imported proteins (60) reveal that the proposed
targeting region exhibits a net positive charge and is with
rare exception devoid of acidic residues. Unlike presecre-
tory signal sequences which exhibit charged residues (usu-
ally arginine and lysine) flanking a membrane-spanning hy-
drophobic core sequence (75), the residues which direct the
mitochondrial import are punctuated with basic amino acids
on the average every four to eight residues (Fig. 1). No
hydrophobic core within a mitochondrial targeting sequence
has been described thus far. The 70-kDa outer membrane
protein contains an "anchor element" adjacent to the tar-
geting sequence (25, 31). All mitochondrial targeting se-
quences described thus far are located at the amino terminus
of the cytoplasmic precursor. Interestingly, they exhibit the
potential for the formation of a structure which exhibits
sidedness of charge distribution when displayed on a "heli-
cal wheel" plot (Fig. 1). This distribution of charge, a
structural feature of mitochondrial import signals, suggests
the potential for the assembly of stable oligomeric associa-
tions within the membrane. There are, however, no experi-
mental data at present to support the role of an amphipathic
structure in mitochondrial import or the presence of such
structures in the bilayer. It is clear that the import of
mitochondrial proteins requires the formation of a specific
secondary structure or complex rather than the display of a
consensus sequence recognized by the import apparatus.

Further characterization of the structural requirement for
targeting proteins to mitochondria will take advantage of
specific targeting signal mutants. Several studies have re-

cently described deletions or modifications of the targeting
sequence which block import of a given precursor (25, 29;
Vassarotti et al., in press). It should not be long before cis
suppressor mutations are available which restore import of
the protein harboring the primary targeting signal defect. A
comparison and analysis of independently isolated suppres-
sors in this manner should provide considerable insight into
the structure of the mitochondrial targeting signals.

Processing-Dependent Signals
Are the sequences which direct protein import the same

sequences necessary for the processing of leader peptide
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from the precursor? Answers to this question may vary
depending on the protein and organism examined. Horwich
et al. (29) showed that deletions within the leader sequence
which block the targeting of the OTC precursor to mito-
chondria also block its processing in vitro by isolated matrix
protease. These authors proposed that deletion of residues 9
to 21 or a glycine for arginine substitution at residue 23 of the
OTC leader would delete or disrupt the secondary structure
required for both targeting and processing by the matrix
metalloprotease (9, 48). On the other hand, the processing of
the yeast Fl-ATPase 3-subunit precursor has been shown to
require sequences located within the mature protein, in
addition to the targeting signals, within the leader sequence
(Vassarotti et al., in press). Small deletions within the ATP2
gene product centered on residue 36 completely blocked
both in vivo and in vitro maturation of the protein at residue
19 but did not block the in vivo targeting function (first 10
residues) or even the assembly of the protein into the
functional enzyme within mitochondria. Since the internal
deletions were distal to the processing site for the yeast
mitochondrial metalloprotease, these authors concluded that
a maturation-competent structure at the amino terminus of
the Fl-ATPase 13-subunit precursor required determinants in
addition to those within the leader sequence. Further studies
are required to determine if these observations reflect the
flexibility of the mitochondrial processing apparatus or the
different gene products being examined.
The extent to which the signals and apparatus for mito-

chondrial import are conserved among different species has
been addressed in several studies. The S. cerevisiae ATP2
gene was able to complement a Schizosaccharomyces
pombe mutant lacking a detectable Fl-ATPase P subunit (6).
This study indicated that the same import and processing
signals could function in these divergent yeasts. In addition,
the maturation of the yeast Fl-ATPase p-subunit precursor
was observed following incubation with a rat liver matrix
fraction (5). Most recently, Horwich et al. demonstrated that
the human OTC precursor was imported into yeast
mitochondria either in vitro or in vivo and was processed by
the yeast matrix protease. In this study a specific arginine to
glycine substitution at residue 23 of the OTC precursor
which blocked import or maturation of the protein in rat liver
mitochondria also blocked processing in the yeast system.
Thus, the specificity of the targeting and processing signals
within mitochondrial precursors, as well as the cellular
apparatus which recognizes these signals, appears to have
been conserved in these divergent eucaryotes.

Submitochondrial Localization Signals
To date the analysis of import signals has examined the

case of cytoplasmic proteins which must be delivered to the
mitochondrial matrix. It is anticipated that determinants in
the precursor, in addition to import signal, are necessary to
program it to other locations within mitochondria. Several
earlier observations indicate that the location of a protein
sequence within a given cytoplasmic precursor in relation to
its targeting signal will determine the destination of the
mature protein. A common structural feature exhibited by
precursors localized outside the matrix is an uninterrupted
stretch of uncharged amino acids sufficient to span a mem-
brane (Fig. 2). Cytochrome c is the exception, but as
discussed earlier is localized by a different route.
For precursors of the intermembrane space proteins, these

uncharged stretches are flanked by clusters of basic resi-
dues. For example, cytochrome c peroxidase and cyto-

ro- a 67Z
+ + + +

+
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Secretory

-F

R) M ' M N

FIG. 1. Mitochondrial targeting sequences exhibiting the capa-
bility of forming ampipathetic helices. The sequences for four
mitochondrial proteins which have been characterized to target both
homologous and nonhomologous proteins into mitochondria are
displayed on helical wheel plots (73) (bottom). Only the minimum
number of residues are demonstrated to be essential for targeting of
OTC (29, 30), COX4 (cytochrome oxidase subunit 4) (34), ATP2
(ATPase subunit 2) (Vassarotti et al., in press), and OMP70; the
70-kDa outer mitochondrial membrane (31) protein are shown.
Residues that have been demonstrated to be unnecessary for import
are not shown for three of the proteins. Charged residues in each
case are circled. (Top) The rather uniform distribution of charged
residues along the length of the mitochondrial targeting peptide is
quite distinct from the signal sequences for secretory proteins,
which exhibit clustered charged residues at the extreme amino
terminus (35).

chrome b2, soluble proteins of the intermembrane space,
each contain a membrane-spanning region beginning at res-
idues 19 (36) and 23 (22), respectively, flanked by clusters of
positively charged residues. A protein targeted to the outer
membrane, on the other hand, contains a transmembrane
anchor directly adjacent to its targeting sequence (25). The
first transmembrane-spanning region of the ADP/ATP
translocator, an integral protein of the inner membrane,
begins at residue 74 (2). If the import signals for these
proteins are located at the extreme amino terminus, then the
submitochondrial destination of these different proteins may
simply be determined by the membrane at which the
transmembrane anchor sequence acts to halt delivery of the
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FIG. 2. Determination of destination of the imported protein by relative position of mitochondrial import and localization sequences. The
targeting of proteins both to mitochondria and into the mitochondrial matrix utilizes positively charged hydrophilic sequence (import or
targeting sequence). An additional element, usually a stretch of uncharged amino acids sufficient to span the membrane bilayer (localization
sequence), will detour the further entry of protein into the matrix. The position or localization sequence relative to the import sequence
defines the membrane at which the "stop-transfer" signal of the localization sequence is expressed. P1 and P2 are sites of cleavage within the
precursor. The participation of proteolytic processing catalyzed by a soluble metalloprotease localized in the matrix, P1, or a membrane-
associated heme-dependent protease located in the inner membrane, P2, occurs for certain proteins but is not necessary in some cases to
achieve the correct mitochondrial location.

protein to the matrix. If the import signal and localization
signal (anchor sequence) overlap as in the case of the 70-kDa
outer membrane protein (25), then the protein is blocked
from further entry as soon as it binds to the mitochondrial
outer membrane. Deletion of the anchor sequence or its
modification so that it was no longer able to form a
transmembrane spanning structure allowed further import of
the target protein into mitochondria (25, 31).
Gene fusion analysis has shown that the first 115 residues

of the yeast adenine nucleotide translocator protein (309
residues), a transmembrane protein of the inner membrane,
will deliver ,-galactosidase to the mitochondrial inner mem-
brane (2). Since this region of the protein contains well-
defined transmembrane anchor sequences, the targeting and
anchoring sequences were proposed to be sufficiently distal
from each other to initiate the import of a transport-
permissive conformation or assembly of the anchor region
through the outer membrane. Essentially the same type of
reasoning has been used to explain the observation that the
hydrophobic proteolipid (ATPase complex, subunit 9 of N.
crassa) can be maintained as a soluble protein in the cyto-
plasm and imported through the outer membrane but not the
inner membrane (80). This precursor contains a 66-residue
hydrophilic leader sequence which targets the protein and is
able to prevent illegitimate insertion of the hydrophobic

portion of the protein into the wrong intracellular membrane.
This "shielding" mechanism may be invoked in the trans-
port of the transient membrane-spanning segments of the
cytochrome c peroxidase and cytochrome b2 precursors
through the outer membrane. These precursors are then
partially transported across the mitochondrial inner mem-
brane, where the second of two proteolytic processing steps
releases the mature form of the protein into the inter-
membrane space (Fig. 3).
The first gene constructions which tested the context

function of submitochondrial localization signals demon-
strated that the transmembrane anchor of cytochrome c1
beginning at residue 36 of the precursor will function in
conjunction with its import signal to localize a cytosolic
protein to the intermembrane space (A. Van Loon, A.
Brandli, and G. Schatz, Cell, in press). Mature cytochrome
c1 protrudes from the mitochondrial inner membrane into the
intermembrane space. The cleavable presequence, which
retained the transmembrane anchor of the yeast cytochrome
cl, localized a fused mouse dehydrofolate reductase protein
to the mitochondrial intermembrane space both in vivo and
in vitro. However, a hybrid retaining the import signal but
lacking the localization sequence (transmembrane anchor)
localized dehydrofolate reductase to the matrix (Van Loon
et al., in press).
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FIG. 3. Participation of separate determinants of mitochondrial import and localization. In the absence of additional localization
determinants the mitochondrial targeting or import sequence will direct the matrix delivery of any protein through both the outer membrane
(OM) and inner membrane (IM). The binding of proteins to mitochondria which are destined for any submitochondrial location does not
require an energized membrane. The import of proteins beyond the outer mitochondrial surface is dependent upon a membrane potential (Akf),
except for cytochrome c. The expression of a transmembrane localization sequence at the inner but not the outer membrane locates the
protein to the mitochondrial inner membrane. A metalloprotease in the matrix, P1, and the inner membrane protein, P2, will release a soluble
or inner membrane-associated protein within the intermembrane space.

GENETIC ANALYSIS OF MITOCHONDRIAL IMPORT

Considerable emphasis has been placed in the past 2 years
on utility of genetics to unravel the molecular details of the
mitochondrial import process. This approach has been im-
portant in expanding the analysis of protein export in the
procaryote and has been successfully exploited to broaden
our understanding of protein secretion in the eucaryote (69).
The ease with which genes encoding modified targeting and
localization signals can be reintroduced into cells has already
made possible a detailed analysis of the sequence require-
ments for mitochondrial protein targeting and localization
within the cell. The area of protein import which will serve
as the major focus of genetic analysis is the identification and
characterization of mutants which exhibit targeting, localiza-
tion, and processing defects for mitochondrial precursors.
For example, Matner and Sherman (44) have described yeast
cytochrome c mutants which are able to make apocy-
tochrome c but are unable to express a functional protein.
Analysis of these mutants has revealed that they lack any
apparent mitochondrial enzymatic activity for heme attach-
ment and contain extremely low levels of the mitochondrial
apocytochrome c. Further analysis of nuclear mutants
blocked in mitochondrial assembly will help to define spe-
cialized import and assembly pathways which may be unique
to a given protein. We have previously discussed the special

case of cytochrome c, which utilizes a pathway distinct from
that of other proteins localized to the intermembrane space.

Since a limited set of mitochondrial proteins is probably
used for the import and processing of a large number of
cytoplasmic precursors, mutations which block the function
of these components will probably be lethal to the cell. With
this in mind, conditional mutants blocked for mitochondrial
assembly at the restrictive temperature have been isolated
(83). In this study a collection of yeast mutants temperature
sensitive for growth at 37°C were subsequently screened for
the synthesis of precursor forms of the Fl-ATPase ,B subunit
and cytochrome c1. Additional biochemical and genetic
characterization revealed that mitochondrial precursor accu-
mulation in these mutants was not due to a breakdown of the
membrane potential across the inner membrane at the
nonpermissive temperature and that at least two indepen-
dent temperature-sensitive mutations had been defined by
this selection. One of the mutants, masi (mitochondrial
assembly), has more recently been shown to contain only a
fraction of the normal matrix metallo-endoprotease activity
at nonpermissive temperature (82). Since the in vitro import
of proteins into masi mitochondria appears to be resistant to
high temperature, the authors conclude that the mutation
affects the thermolability of the matrix protease itself or
components which regulate its activity. If this is indeed a
mutation in the metalloprotease, it represents the first genet-
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ically defined component of the mitochondrial import-
processing pathway.
Another genetic approach which may prove useful in the

identification of the mitochondrial import machinery is the
isolation and characterization of mutants able to restore the
import of yeast cytoplasmic precursors with defective im-
port signals. This strategy has been successfully exploited in
E. coli to define components of the protein export apparatus
for the E. coli lamB protein (14). Now that the import signals
have been defined for several proteins and mutant targeting
signals have been constructed in some cases (29; Vassarotti
et al., in press), the selection of host-linked suppressor
strains is not far behind.
Gene fusions may provide yet another independent ap-

proach to identify components of the mitochondrial import
apparatus. In vivo import of certain fused gene products
disrupts the function of normal mitochondria (11, 15, 20;
Vassarotti et al., in press). Mitochondrial targeting of a gene
fusion product encoded by ATP2 at its amino terminus and
either E. coli lacZ (11) or SUC2 (15) at its carboxy terminus
to the mitochondrial inner membrane blocks the normal
function of the organelle. If the yeast host strain is cured of
the plasmid encoding the hybrid protein, functional mito-
chondria are restored. The hybrid protein-dependent pheno-
type (lack of growth on a nonfermentable substrate) is best
correlated with the delivery of a threshold level of the
ATP2-lacZ-encoded hybrid to the mitochondrial inner meni-
brane, where it becomes jammed in the bilayer. The pres-
ence of this protein in the inner membrane renders it
sufficiently leaky to protons so that the respiratory and
energy-transducing components of the membrane cannot
maintain an adequate electrochemical gradient to drive
mitochondrial-dependent ATP formation. Thus the host har-
boring the ATP2-lacZ fusion is unable to grow on a
nonfermentable carbofl source such as glycerol. The levels
of mitochondrial respiratory and ATPase activities in the
strain harboring the gene fusion were reduced slightly;
however, the ATP-32P_ exchange activity was reduced to
<10% of that in the absence of the hybrid (20). This assay is
the most sensitive measure of the integrity of the inner
mitochondrial membrane since an ATPase-dependent gener-
ation of protein gradient is required to catalyze the exchange
reaction at equilibriunm. Thus, this phenotype due to the
targeting of hybrid protein has been exploited to define
mutants which still express high levels of the hybrid protein
yet reduce the amount of hybrid protein targeted to the
mitochondrial inner membrane. To iniitiate a similar selec-
tion for cis- and trans-acting components mediating mito-
chondrial import, HEMJ-lacZ fusions under the control of a
regulated GAL upstream activation sequence have been
used to generate a high-level expression of the hybrid protein
(39). These studies also demonstrated an altered growth
phenotype dependent on the carbon source. Mutants se-
lected by using a hybrid protein-dependent phenotype may
define components of the mitochondrial import machinery
which interact with the cytoplasmic precursor prior to its
insertion into the inner membrane.

CONCLUSIONS AND FtJTURE PROSPECTS

Information on the molecular details of the mitochondrial
import mechanism is presently accumulating at a very rapid
rate. A number of independent and converging observations
appear to mutually support the proposed structure of target-
ing signals. On the horizon, genetic handles will be instru-
mental in defining the cellular components mediating the

mitochondrial import pathway. Recent observations have
enlightened us on some details of the import mechanism and
point out where investigators and reviewers to follow will
concentrate their efforts.

Considerable attention has most recently focused on the
characterization of targeting or import signals which initiate
the primary cytoplasmic sorting and membrane transport
event. This import or targeting signal is necessary and
sufficient to direct any protein covalently coupled to it
directly through two membranes to the matrix (15, 30, 32,
39). Detours from the common import course to the matrix
require additional signals (submitochondrial localization sig-
nals or localization signals) within the cytoplasmic precursor
in the proper position or context to restrict further entry of
the protein at either of the two boundary membranes (Fig.
2). The selection of inner versus outer membrane may reflect
the location of the localization signal on the precursor
relative to the targeting sequence in much the same manner
as an internal stop transfer sequence prevents the further
transport of a precursor protein from E. coli (7).
The recent elucidation of mitochondrial import signals

from different sources which can function in a heterologous
systerm indicates that a common protein structure is poten-
tially formed or can be induced in the cytoplasmic or
membrane-bound precursor. The location of the import
signal of cytoplasmic precursors at the exteme amino termi-
nus rather than within the protein indicates that cytoplasmic
precursors may bind in vivo as nascent polypeptides which
have yet to complete their synthesis, although they can
clearly be imported following completion of their translation
(60). A common structural feature of the import signal which
distinguishes it from a presecretory signal is the potential for
forming a structure which segregates charged residues (Fig.
1). This suggests that within the hydrophobic environment of
the bilayer oligomeric forms of the ampipathic protein and
import apparatus may be formed (M. Briggs and L.
Gierasch, Adv. Protein Chem., in press).
What is not understood at present is how such a structure

mediates the specific segregation of the precursor to
mitochondria. Soluble factors are proposed to localize the
cytoplasmic precursor to the outer membrane (3, 4, 49, 56),
whereas binding to some receptor component within the
membrane is proposed to complete the precursor segrega-
tion. Once localized at the surface of the mitochondria, the
transport of the precursor into the mitochondrial matrix
most likely occurs at regions of contact between the inner
and outer membrane (71). Whether the protein traverses the
bilayers as a linear, globular, or oligomeric structure has not
been resolved at present. The ability of precursor sequences
distal to the targeting signal to define subniitochondrial
localization suggests that at least domains near the amino
terminus of the precursor will be transported through the
imnport apparatus at different times (Van Loon et al., in
press).
The membrane potential across the inner membrane is

proposed to generate the transport-competent junctions be-
tween the inner and outer membrane (58, 71). Whether this
energy-dependent step acts to generate tight junctions be-
tween membrane protein components or to destabilize the
lipid bilayers of the inner and outer membrane or both has
not been established. This step is required after the energy-
independent binding of the precursor protein to the outer
membrane (19, 65). Thus, it is envisioned that the targeting
sequence at the extreme amino termninus will exhibit two
basic functions. First, it provides for a specific targeting
function, binding to specific sites at the outer mitochondrial
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membrane or to soluble components which mediate protein
delivery to the tnembrane. Second, the targeting sequence
may act to catalyze the formation of a membrane potential-
dependent junction between the inner and outer membrane
or to discharge a preexisting junction (Fig. 3). This is
envisioned at present as an effect of the presequence to
discharge the contact joint between the membranes. Syn-
thetic peptides of mitochondrial target sequences will disrupt
a bilayer (21). This discharge of the membranes due to the
translocation of the presequence is apparently blocked at
low temperature (71). It is noteworthy that the mechanism of
transmembrane precursor protein delivery must allow for
the transport of large soluble proteins while maintaining an
active coupling membrane with a low permeability to pro-
tons and cations. The molecular details of this protein
transport event will certainly serve as the focus of future
studies, using a variety of tools in the repertoire of the
mitochondriologist.
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